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Despite more than 18 years of intense research, the physical mechanism that
leads to the occurrence of high-temperature superconductivity in the novel superconductors
known as the perovskite cuprate oxides (or more simply, the cuprates) remains elusive. The
primary difficulty is that there are multiple “competing orders” in the lowest energy state
(known as the “ground state”) of the cuprates. That is, at very low temperatures different
phases separated only by very small energies can occur in the cuprates, so that
superconductivity is not necessarily the dominating lowest energy state. In other words,
depending on subtle tuning of either the chemical compositions of the cuprates or other
controllable variables such as the temperature and applied magnetic field applied to the
cuprates, high-temperature superconductivity can either homogeneously coexist with a
competing phase, spatially separated from a competing phase in a “Swiss cheese” like
pattern, or completely taken over by a competing phase. This phenomenon gives rise to
extremely rich and complicated physical properties that appear to be “non-universal” among
different families of cuprate superconductors, and is fundamentally different from
conventional superconductivity where the low-temperature phase of the superconductors is
decisively dominated by superconductivity.

(A metaphor that better conveys the differences between high-temperature and
conventional superconductivity to non-specialists 1s to compare the map of Europe versus
that of China: the former consists of multi-nations of comparable sizes and
political/economical power, whereas the latter comprises of one large nation with relatively
homogeneous culture.)

Our research has focused on unraveling the ground-state properties of the
competing orders in the cuprate superconductors because we believe that the key to unravel
the mystery of high-temperature superconductivity lies in developing thorough
understanding for the nature of the competing orders and their interplay with
superconductivity. Our experimental approaches involve both “thermodynamic”
measurements that determine the macroscopic nature of different phase transformations and
“microscopic” measurements utilizing a scanning tunneling microscope (STM) that provides
physical information of different phases down to nanometer and atomic scales.
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Besides unraveling the fundamental mechanism for high-temperature
superconductivity, understanding the issues of competing orders in cuprate superconductors can
help control properties of these materials crucial for device applications as a function of the
chemical compositions, temperature and magnetic field.

Our verification of competing orders in the cuprate superconductors involves the use of
both macroscopic and microscopic experimental probes. The microscopic probe used to obtain the
data here 1s a variable-temperature scanning tunneling microscope (STM) that provides imaging
and spectroscopic properties of the superconductor down to the atomic scale. The specific
spectroscopic properties obtained by an STM are the differential conductance (dI/dV), which are
determined by measuring the tunneling current (I) from the sharp STM tip to the sample through a
small vacuum gap while the tip and the sample surface are biased at a relative voltage (V). The
differential conductance can provide important information about the physical characteristics of
the superconducting sample, including the superconducting “energy gap” that is a measure of the
“strength of superconductivity”, and the properties of the “low-energy excitations” (known as the
“quasiparticles”) that are associated with the physical state of a superconductor slightly above its
ground state.

The differential conductance can vary spatially if there are phase separated competing
orders, or can exhibit excess low-energy excitations beyond those for a pure superconductor if
superconductivity coexists with a competing order homogeneously throughout the sample.
Moreover, the decrease in the superconducting energy gap (or the superconducting strength) with
increasing temperature (T) or magnetic field (H) will be more rapid if competing orders exist in a
superconductor. Our experimental data depicted here provide evidence for the existence of
competing orders in all cuprate superconductors under investigation. In addition, we find that
competing orders in most cuprate superconductors tend to coexist homogeneously with
superconductivity, which i1s an important finding.

Besides the scientific findings, it is worth mentioning that the variable-temperature
STM used in this work 1s a home-made piece of apparatus, and students involved in this work
have all contributed to various aspects of the instrumentation development besides performing
measurements.



